Impact ionization in n-channel MOSFETs for drain voltages (VD) below the bandgap voltages (qvD < EG) is investigated.
Introduction
Impact ionization (11) in deep-sub-micron silicon nMOSFETs was reported in the literature for drain voltages (V,) well below the bandgap voltages and is known as sub-bandgap impact ionization (SBII) [1, 2, 3] . Floating body effects in SO1 devices are also reported for sub-bandgap VD [4] . Understanding the physics behind the phenomenon may also aid accurate modeling of the soft programming error in nonvolatile memories [5] . Low voltage I1 data is also used for bench-marking of the scattering models used in Monte-Carlo simulation tools [5, 6, 7] . Monte-Carlo simulation studies were reported which explored additional energy gain mechanisms for electrons besides heating by the electric field [5, 6] . The long range and short range components of the electronelectron interactions (EEI) are reported to play important roles in broadening the high energy tail (HET) of the electron energy distribution (EED).
A review of the literature suggests that detailed experimental data on SBII that completely reveal the underlying physics is lacking. In this work an attempt is made to fill this vacuum by presenting novel experimental results. Temperature and channel length dependence of the SBII are investigated. An anomalous increase of the gate voltage at which the substrate current peaks (VGpeak) is reported and is correlated to the drain induced barrier lowering (DIBL). Based on experimental results and quantum mechanical simulations it is proposed that the inversion layer quantization can be an additional energy gain mechanism. It is also suggested that the EEI localized near the drain are mainly responsible for the broadening of the HET of the EED.
Experimental
The n-channel MOSFETs used in this study had drawn channel lengths of O.lpm to 5pm with a gate oxide thickness of 3.6nm. A spacer technology with heavily doped source/drain extensions was used. The process simulations using ATHENA [8] showed a channel boron doping profile with surface concentration of 5 x 1017 cm.3 and a peak of 1.1 x 10l8 cm-3 at 30nm from the surface. The junction depth of source/drain extensions was 30nm. More details of the fabrication process and terminal characteristics can be found in [9] . The low substrate currents ( 1 s~~) were measured using a Keithley 617 electrometer (resolution of 0.lfA). 1D Poisson-Schrodinger consistent simulations (PSCS) were done using SCHRED [ 101.
Results and Discussions
Impact ionization was investigated by direct measurement of the IsuB. The IsUB vs VG plot for the O.lpm devices for VD down to 0.6V are shown in fig. 1 . To the best of the authors' knowledge this is the lowest VD for which impact ionization is reported at 300K for bulk silicon nMOSFETs. The I~U B peaks at much higher VG than V d 2 and the threshold voltage (VT) of the device. The VGpeak vs VD data for various channel length at 300K are shown in fig. 2 . The VT measured for VD of 50mV was subtracted from the VGpe* to account for the VT roll-off. For the short channel devices an anomalous increase of V G~* is observed as the qVD is reduced to and below EG. Such a "turn around" is not found for the long channel device and the VGpeak behaves monotonously for the entire range of VD investigated. Fig.3 compares the VGF& vs vD data for a 0.25pm device at 300K and 77K. Data for 5pm device at 77K is also given. V, was subtracted from VGpeak to account for the differences in the VT at 300K and 77K. The V G~* increase is enhanced at lower temperature for 0.25pm device. Also the "turn around" occurs for larger VD at 77K. There is no VGF* increase for 5pm device just as at 300K. SBII was also not observed for the 5pm case at 77K as the lowest VD for which ISUB was measured was 1.275V. A comparison of the multiplication factor, M (=IS"&), corresponding to the IsuB peak for 300K and 77K are shown in fig. 4 for 0.25ym devices. The M fallsoff much more rapidly below the turn around VD compared to the behavior for high VD. The effect is enhanced for 77K as is highlighted in the plot of the ratio of the M's (right y-axis).
The HET of the EED is known to be the cause of SBII [5, 6] . Field heating of electrons alone is not sufficient to populate the HET of the EED at the low VD shown in fig. 1 To explain the channel length dependence we proceed by examining the M more closely. If we assume that all the I1 generated holes are collected at the substrate contact and that secondary I1 is negligible, M is a direct measure of the integral of the electron energy spectrum above EG (HET of interest here) weighed by the impact ionization scattering rate over the domain where I1 occurs [5] . Fig. 5 compares the M for a 0 . 2~" device for a typical sub-bandgap VD at 300K and 77K. The corresponding Isue data are also shown. At 300K the M shows a clear two slope behavior. In fact, such a behavior is also found at 300K for VD down to 0.65V for the O.1pm device. At 77K the M for VG < VT is greatly suppressed. For VG > VT the slopes of l o g M vs VG are nearly identical for 300K and 77K. It can be asserted that the HET for VG < VT is highly temperature dependent and that for VG > VT it is temperature independent. The reduction in M in the later case at 77K can be attributed to the increase in I1 threshold. The EEI are temperature independent [6] . For VG < VT the suppression of M indicates that the HET is essentially the thermal tail of the EED. The data presented in figs. 5 and 6 are for saturation region of operation (VD > VG -VT). 1D PSCS using the doping profiles obtained from the process simulations have indicated that the peak electron concentration in the channel for the VG values shown are less than 5 x 10l8 ~m -~. In the pinch-off region the electron density is much smaller due to the larger velocity of the electrons and a vertical field that push them away from the interface. For the EEI to play a significant role in broadening the HET much higher electron concentrations are required [ 131. The above discussion provides experimental evidence to the suggestion that EEI in the drain are responsible for extending the HET for the VG values considered. The data in fig. 6 suggest that the rate at which the electrons arrive in the drain is the important factor. For the 5pm device this is much smaller than for the 0.35pm by a factor of 0.35/5 (ratio of the drain currents). For vD=1v (for smaller field heating) the dependence is stronger than for VD=l.2V. The DIBL is due to a small lateral component of electric field at the source junction which reduces the barrier to electron injection. In such a case the field at the source side of the channel is not purely vertical. Consequently the channel is broader at the source side when the DIBL is present. The effect of increasing VG is not only to reduce the barrier further (increase ID) but also to make the effective field more vertical thereby reducing the effective thickness of the inversion layer. Such a confinement enhances the inversion layer quantization.
1D PSCS were performed using SCHRED [ 101 to investigate the possible impact of inversion layer quantization on the EED. Doping profile obtained from process simulations was used. Fig. 8 shows the additional band bending required in the quantized case with reference to the classical simulations for identical inversion layer charge density. The lowest subband in the lower valley (Ell) with 2-fold degeneracy is also shown. The additional band bending required is smaller than EII-Ec. The direct implication of this is shown in fig. 9 . The figure shows the band bending in the vertical direction in the channel in the classical and quantum mechanical cases for identical inversion charge density. The first sub-band is also shown in the quantum mechanical case. The lowest energy level available for electrons in the quantum mechanical case is higher than in the classical case even when the additional band bending is taken into consideration. This is in effect a shift in the EED in the channel. From fig. 8 it can be seen that the shift is more than 35meV and increases to about SOmeV as the VG increases. These shifts may seem very small compared to the I1 threshold energy. But it can be a significant contribution when viewed as a shift in the EED. What really determines ISUB is the area under the electron energy spectrum above the I1 threshold energy.
Based on the above discussion we propose a model as shown in fig. 10 . Three regions are identified for the energy gain for electrons at low VD. In the channel region, the EED is shifted by inversion layer quantization. The electron population with
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676-IEDM 00 this shifted EED is heated in the drain depletion region by the lateral electric field. Electrons are not confined to the surface in the drain depletion region because the vertical electric field is directed towards the gate in the saturation regime. It is assumed that a significant fraction of the electrons experience quasi ballistic transport in the drain depletion region so that the EED shift due to inversion layer quantization is preserved. Finally the EEI in the drain broadens the HET of the EED. To quantitatively assess the contributions of various secondary energy gain mechanisms, Monte-Carlo simulation tools incorporating quantization effects are required. At high VD, electron heating by lateral electric field overshadows secondary energy gain mechanisms. Conclusions Channel length and temperature dependence of sub-bandgap impact ionization in n-channel silicon MOSFETs were presented and analyzed. Experimental evidence is given to assert that the e-e interactions in the drain is a critical energy gain mechanism. Quantization in the inversion channel is proposed as an additional energy gain mechanism by shifting For long channel devices, a monotonous behavior is found. Fig. 4 Comparison of the multiplication factor, M at 300K and 77K. The ratio of the two is also shown. The M falls off more rapidly for low VD (~1 . 5 ) than for high VD range. This greatly enhanced at 77K.
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